Aquatic environments are known reservoirs of antibiotic-resistant bacteria, but little information is known about the role of Escherichia coli strain subgroups, integrons, and integron-associated gene cassettes in the prevalence of antimicrobial resistance. To address these knowledge gaps, the diversity and distribution of drug-resistant E. coli strains and their integrons in hospital wastewater (HWW) and XiaoQing River water (XQRW) in Jinan, China were compared. Phylogenetic assays showed that the isolates were distributed in every E. coli subgroup. The prevalence of antibiotic resistance in each E. coli subgroup from HWW was higher than in subgroups from XQRW, except for phylogenetic subgroup A 0 . Classes 1 and 2 integrons were found in 327 strains (78.2% of the total 418 isolates) with a prevalence of 85.6% among the 209 isolates from HWW. Among 15 gene cassette arrays, dfrA17-aadA5 and dfrA12-orfF-aadA2 were the most prevalent. The prevalence of drug-resistance gene cassettes and diversity of arrays further proved that integrons were important contributors to the widespread occurrence of antibiotic resistance in E. coli among Jinan aquatic environments.
INTRODUCTION
Bacterial antibiotic resistance has become a serious, worldwide problem in disease therapy. Antibiotic resistance has compromised current treatment options for severe infections caused by drug-resistant pathogens, and generally results in higher mortality, prolonged hospitalization, and higher health care costs (Boyd & Nailor ) . The widespread emergence of antibiotic-resistant, Gram-negative organisms threatens the effectiveness of newer, broad-spectrum antibiotic agents. So, in addition to implementing antimicrobial stewardship and hospital hygiene measures, there is a critical need to investigate the cause of the rapid development and spread of antimicrobial resistance.
Enterobacteriaceae such as Escherichia coli are important bacteria in human and animal intestines and are also the major drug-resistant organisms that cause infections in hospitalized patients. Hospital-acquired infections result in diarrhea, peritonitis, cholecystitis, cystitis, and other conditions. Most conditions can be fatal, especially for children and the elderly (Lecointre et al. ; Skurnik et al. ) . E. coli are divided into four different phylogenetic groups (designated group A, B1, B2, and D) that have distinct genotypic and phenotypic characteristics. According to previous reports, groups A and B1 are sister groups prevalent among human populations, while groups B2 and D harbor most of the pathogenic E. coli strains. For example, verotoxin-producing E. coli O157:H7 strains belong to phylogenetic group D, and the strains mostly cause human extra-intestinal infections (Pupo et al. ; Picard et al. ; Clermont et al. ; Gordon et al. ) . The most recent data from the China Antibiotic Resistance Surveillance System showed that drug resistance in E. coli is more severe than in other pathogenic microorganisms (Xiao et al. ) .
Integrons are genetic units that have the capacity to capture and integrate drug-resistance genes, known as gene cassettes, by site-specific recombination (Stokes & Hall ; Hall & Collis ; Cambray et al. ) . Five classes of mobile integrons have been found. Class 1 and 2 integrons are usually associated with antibiotic-resistant E. coli. A typical class 1 integron is composed of a 5 0 conserved segment and a 3 0 conserved segment. The 5 0 conserved segment consists of the integrase gene intI1, the promoters Pint and Pc responsible for transcription of both the integrase and gene cassettes, and a recombination site (attI). The 3 0 conserved segment usually includes the qacE gene, the sul1 gene, and a variable region (Hall & Collis ; Mazel ) . Class 2 integrons are often found in transposon Tn7. The sequence of the integrase gene, intI2, is closely related to intI1, but there is a stop codon in intI2. A gene cassette consists of a single gene and a recombination site. Several cassettes may be inserted into the same integron, forming a tandem array. The position of a cassette affects transcription of the gene. Gene cassettes often carry antibiotic-resistance genes, and gene expression is controlled by an integron-borne promoter cassette array ( In this study, we isolated 418 E. coli strains from water samples of several hospitals and from the XiaoQing River in Jinan, Shandong Province, China. Then we analyzed antibiotic resistance, phylogenetic group affiliation (A 0 , A 1 , B1, B2 1 , B2 2 , D 1 and D 2 ), integrons, and the integron-associated gene cassettes of these isolates. The results suggested that antibiotic resistances are spread among every subgroup of E. coli, and integrons might be playing important roles in the spread of resistance between hospital and non-hospital water. All of these facilities are located around Jinan, Shandong province, China. Samples (500 mL) were filtered through a 0.22-μm sterile membrane (47 mm diameter; Millipore Corp., Billerica, MA, USA). The bacteria were washed off the membrane with 5 ml physiological saline (0.9% NaCl). A 100-μL aliquot of the isolated cells was diluted to 10 À6 with saline solution, and 200 μL of the diluted suspension were spread onto EMB plates supplemented with one of the following antibiotics: ampicillin (AMP, 100 mg/L), gatifloxacin (GAT, 5 mg/L), kanamycin (KAN, 30 mg/L), tetracycline (TET, 30 mg/L), or trimethoprim (TMP, 30 mg/L). Based on color and morphology of the colony, 209 presumptive E. coli strains from hospital water (AMP, 40; KAN, 50; TET, 40; GAT, 45; TMP, 34) and the same number of strains from XiaoQing River water (AMP, 19; KAN, 40; TET, 55; GAT, 56; TMP, 39) were transferred to 3 mL LB broth containing the same antibiotic and incubated at 37 W C with shaking for 18 h. Then, 900 μL of each culture was mixed with 300 μL of 80% glycerol in 1.5 mL Eppendorf tubes and stored at À80 W C. The remaining volume of each culture was used for DNA extraction.
METHODS

Sampling and bacterial isolation
Phylogenetic group assay
DNA was extracted from each culture (above) with a bacterial genome extraction kit (Bioteke Corp., Beijing, China). The purified DNA was used with Clermont's rapid and simple polymerase chain reaction (PCR)-based assay (Clermont et al. ); both chuA and yjaA genes and an anonymous DNA fragment TSPE4-C2 were detected to determine the E. coli subgroup to which each strain belonged. The PCR amplicon pattern defining each group was as follows:
The positive reactions from the three amplifications were confirmed by sequencing analysis and used as controls. To determine the A 0 subgroup, the lacZ gene was additionally detected (Higgins et al. ).
Analysis of class 1 and class 2 integrons and associated gene cassettes
The primer pairs IntI1F 5 0 -GTTCGGTCAAGGTTCTGG-3 0 / IntI1R 5 0 -CGTAGAGACGTCGGAATG-3 0 and IntI2F 5 0 -CAAGCATCTCTAGGCGTA-3 0 /IntI2R 5 0 -AGTAGCATCA GTCCATCC-3 0 were used to screen class 1 and class 2 integrase genes (Xu et al. ) . If intI genes were positive, the primer sets hep58 5 0 -TCATGGCTTGTTATGACTGT-3 0 / hep59 5 0 -GTAGGGCTTATTATGCACGC-3 0 and hep74 5 0 -CGGGATCCCGGACGGCATGCACGATTTGTA-3 0 / hep 51 5 0 -GATGCCATCGCAAGTACGAG-3 0 were used to detect class 1 and class 2 gene cassette arrays ( 
Antibiotic susceptibility assay
Antimicrobial susceptibility testing for 14 antibiotics (AMP, 10 μg; cefepime, CPE, 30 μg; cefoperazone, CFP, 75 μg; cefotaxime, CTX, 30 μg; ceftazidime, CAZ, 30 μg; chloramphenicol, CHL, 30 μg; ciprofloxacin, CIP, 5 μg; GAT, 5 μg; KAN, 30 μg; nalidixic acid, NAL, 30 μg; sulfisoxazole, SFX, 300 μg; streptomycin, STR, 10 μg; TET, 30 μg; and TMP, 5 μg) was carried out by the disc diffusion method on Mueller-Hinton agar plates as described by the Clinical and Laboratory Standards Institute guidelines ().
Statistics analysis
All data in this paper were analyzed using the chi-square test (SPSS 17.0 for Windows). A significance value of P 0.05 was considered.
RESULTS AND DISCUSSION
Isolation and phylogenetic group assays of antibioticresistant E. coli strains
We isolated 209 antibiotic-resistant E. coli strains from hospital wastewater (HWW) and the same number of resistant strains from XiaoQing River water (XQRW). Of the strains from hospital wastewater, 77.5, 2.9, and 19.6% were from Thousand-Buddha Hill Hospital, Qilu Hospital, and the Traditional Chinese Medicine Hospital, respectively.
Phylogenetic assays showed that the isolates belonged to different E. coli groups and subgroups (Figure 1 ). Most of the E. coli isolates belonged to subgroups A 0 (37.32%), A 1 (34.93%), and B1 (16.51%), while 3.83, 1.91, 1.44 and 4.78% of the isolates were within subgroups B2 1 , B2 2 , D 1 , and D 2 , respectively. Both hospital and river water (XQRW) contained lots of drug-resistant E. coli strains, and subgroups A 0 , A 1 , and B1 were the predominant subgroups in both environments. This was consistent with previous reports of less frequent isolation of subgroup B2 and group D E. coli strains compared with group A and subgroup B1 strains from environmental and animal samples with a low frequency of subgroup A 0 ( 9%) in nonhuman vertebrates and samples from soil, water, and sediment from Australia. The relative abundance of subgroup A 0 was higher in XQRW than in HWW (78 in XQRW and 41 in HWW, P < 0.001) (Figure 1) , similar to the report by Figueira et al. () . A 1 and B1 exhibited no clear differences between HWW and XQRW. B2 2 , D 1 , and D 2 strains were substantially more abundant in HWW than in XQRW (B2 2 , P < 0.05; D 1 , P < 0.005; D 2 , P < 0.05). E. coli subgroup B2 and group D are usually involved in infections, and these two groups may come from hospital environments.
Antibiotic-resistance assay of the isolates
Susceptibility testing showed that the highest occurrences of antibiotic resistance were TMP (94.5%), AMP (92.6%), SFX (87.8%), and NAL (76.6%), followed by TET (69.1%), aminoglycoside antibiotics (STR, 65.6%; KAN, 43.1%), fluoroquinolones (CIP, 52.2%; GAT, 35.4%), CHL (48.6%), and β-lactam antibiotics (CTX, 38.3%; CFP, 29.4%; CAZ, 16.0%; CPE, 11.5%). The high percentages of E. coli strains with antimicrobial resistance are due to the excessive use of antibiotics by health systems and agriculture, and the subsequent haphazard disposal of these antibiotics (Tenover & More HWW isolates exhibited antibiotic resistance than XQRW isolates (Table 1 ). With every one of the eight common antibiotics (AMP, CFP, CIP, CPE, CTX, KAN, SFX, and TET), a higher percentage of E. coli strains from HWW were resistant compared with strains from XQRW (P < 0.05), especially for AMP, CPE, CTX, and SFX (P < 0.001). This finding was consistent with a previous report that antimicrobial compounds could be found easily in hospital sewage effluents (Young ) . The high prevalence of antimicrobial resistance in hospitals is a demonstration of evolution in 'real time' in response to the chemical warfare waged against microbes through the therapeutic and nontherapeutic uses of antimicrobial agents (Choffnes et al. ). E. coli strains from both HWW and XQRW developed their antimicrobial resistance in order to survive in strict conditions.
The prevalence of antimicrobial resistance among the four groups ( Figure 2 ) indicated that group A generally had lower rates of antimicrobial resistance than the other groups, similar to the report by Figueira et al. () . Moreover groups B2 and D seemed to have high resistance to all antibiotics tested. Considering that most pathogenic E. coli strains belong to the two groups, more attention should be paid to the development of antibiotic resistance in these two groups.
Integrons and gene cassettes among different groups of antibiotic-resistant E. coli strains Class 1 and 2 integrons are involved in antimicrobial resistance of E. coli. We analyzed the correlation between antibiotic profiles and integrons in 418 resistant E. coli strains. As expected, isolates harboring integrons had a higher prevalence of resistance to antibiotics than integron-free isolates, especially for CHL, KAN, SFX, and TMP (P < 0.001) ( Table 1 ). The results indicated that integrons played important roles in the spread of antibiotic resistance among E. coli strains in this study.
The distribution of integrons was influenced by the collection sites. There were 179 strains (85.6%) with integrons among the 209 isolates from HWW, and 148 strains (70.8%) from XQRW, consistent with the higher prevalence of antimicrobial resistance among the HWW isolates. Among these isolates, class 1 integrons were more prevalent than class 2 integrons. For example, in XQRW, 145 isolates (69.4% of the total) had class 1 integrons, and three isolates had class 2 integrons (about 1.4%). In HWW, 178 isolates (85.2%) had class 1 integrons, and seven isolates had class 2 integrons (about 3.3%). No matter what the origin of the isolates was, the rate of class 1 integrons among the isolates was higher than in previous reports (Chang et (Mazel ) . These results demonstrated that class 1 integrons are more prevalent as antibiotic resistance carriers in E. coli in the Jinan region.
Integrons were distributed among the E. coli subgroups. Every subgroup isolated from HWW harbored integrons with a prevalence of 72.2% to 97.6%. Compared with HWW, the prevalence of integrons in XQRW isolates was lower, especially in the nosocomial E. coli subgroups B2 2 , D 1 , and D 2 . For example, the prevalence of integrons among D 1 was 87.5% in HWW and only 33.3% in XQRW. The prevalence of integrons in subgroups A 1 , B1, and B2 1 was very similar between HWW and XQRW (Figure 3) .
The gene cassettes of integrons are usually involved in antibiotic resistance. Here, 25 different gene cassettes were found, and 22 of them were antibiotic-resistance genes. These gene cassettes were organized in fifteen types of arrays in class 1 integrons. Only one gene cassette array was identified in class 2 integrons (Table 2 ). There were no novel gene cassette arrangements or gene cassettes detected in comparison with previous reports. The variety of arrays was higher in every subgroup in HWW compared with XQRW, except for subgroup A 0 , in which a larger set of arrays occurred in XQRW. Among all the cassette arrays, dfrA17-aadA5 and dfrA12-orfF-aadA2 were most prevalent, consistent with previous studies (Chang et al. ) . Seven arrays (aadA2, dfrA1-aadA1, dfrA17-aadA5, dfrA12-orfF-aadA2, aacA4-cmlA1-variant, aacA4-catB3-dfrA1, and aadB-catA-bla OXA-10 -aadA1) were found in both XQRW and HWW. The cassette arrays orfI, dhfrVII, dfrA1-orfC, and dfrA5-ereA2 were detected only in XQRW whereas the cassette arrays dfrA25, aadA23, arr-3-dfrA27, and aac(6 0 )-Ib-bla OXA-30 -catB3-arr3 were detected only in HWW. Contamination of aquatic environments with antibiotics provides selection pressure that can facilitate the spread of integrons, development of new resistance genes and arrays of cassettes, and development of multidrug resistance in bacteria (Biyela et al. ; Aminov & Mackie ; Martínez ) . We found more antibiotic-resistance gene cassettes, greater diversity of arrays, and higher prevalence of integrons in wastewater from nosocomial environments than in river water, probably because of higher antibiotic selective pressure in HWW.
CONCLUSIONS
We analyzed the distribution of resistant E. coli stains in Jinan aqueous environments and found phylogenetic groups, integrons, and integron-associated gene cassettes were closely linked to the spread of antibiotic resistance. The resistant isolates occurred in every subgroup of E. coli in both HWW and XQRW. Subgroups B2 and D, which contain pathogenic strains, were prevalent in HWW. Integrons were clearly correlated with prevalence of antibiotic resistance among E. coli strains in Jinan aqueous environments, especially in HWW (P < 0.001).
There is convincing evidence that we share a single ecosystem globally in terms of antibiotic resistance. The selection of drug resistance in one part of the world may have long-term, important implications for human heath globally. Therefore, understanding and managing the problem of antimicrobial resistance is a community responsibility both within and outside of hospitals. Our study focused on E. coli resistance in HWW and XQRW, and tried to understand the disseminations of antibiotic resistance. Antibiotic-resistant E. coli occurred broadly in aquatic habitats around the Jinan area. The occurrence of drug-resistant strains was especially serious in HWW, with a high diversity and prevalence of resistance determinants.
Our results strongly point to the need for monitoring bacterial antibiotic-resistance determinants and the structure of their integrons, and for strict attention to controlling excessive use of antimicrobial drugs. 
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